Hydrogen Effects on the Spall Strength and Fracture
Characteristics of Amorphous Fe-Si-B Alloy at Very High
Strain Rates
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A novel approach is suggested, using laser-induced shock wave measurements to estimate the effects
of cathodic hydrogen charging on the mechanical properties and fracture characteristics of materials.
This approach is applied to (1) determine the dominant mechanism of hydrogen embrittlement (HE)
in an amorphous Fe80B11Si9 alloy; and (2) estimate the effects of the high pressures involved in
cathodic charging. The dynamic spall strength of an amorphous Fe80B11Si9 alloy shocked before and
after hydrogenation by a high-power laser to very high pressures (tens of giga Pascals) is measured.
The dynamic spall strength of crystalline iron is measured as well for comparison. An optically
recording velocity interferometer system (ORVIS) is used to measure the profile of the free surface
velocity in time. The spall strength and the strain rate are calculated from the measurement of the
free surface velocity as a function of time. Fracture characteristics are studied by scanning electron
microscopy (SEM). The main conclusions are (1) the most reasonable mechanism of HE in the
amorphous Fe-Si-B alloy is the high-pressure bubble formation; (2) the high pressures involved in
cathodic hydrogen charging or laser-induced shock waves measurements may have similar effects on
fracture characteristics; and (3) at very high strain rates, the spall strength is determined mainly by
the interatomic bonds.

I.

INTRODUCTION

MATERIAL behavior under conditions of high strain
rates is of practical importance in such problems as the
response of structures to blast and impulsive loads, contact
stresses under high-speed bearings, high-speed machining,
explosive forming, and ballistics. The spectrum of strain
rates under various conditions and tests is summarized in
Table I. Shock-wave propagation through a thin plate is
essentially one-dimensional in the direction of the shock
front. For small plastic strains, this produces a state of near
triaxial loading. Thus, shock loading provides an environment for subjecting materials to high stresses without corresponding large plastic deformations. There are marked
differences between fracture under impulsive loads and
under static loads. For example, with impulsive loads, there
is no time for the stress to be distributed throughout the
entire body so that fracture can occur in one part of the solid
independently of what happens in another part.[1]
When a high-power laser pulse irradiates a metal foil it
creates a high-temperature and high-pressure plasma layer
in it, which then expands perpendicularly to the foil. The
expanding plasma induces a shock wave in the target, moving toward the free (rear) surface. When the shock wave
reaches the free surface, the latter is accelerated to a velocity
ufs, and the former is reflected as a rarefaction wave. The
rarefaction wave, moving in an opposite direction, causes
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deceleration of the free surface. The two rarefaction waves
(the tail of the initial pressure wave and the wave reflected
from the free surface), running in opposite directions, generate tension of the material with an amplitude that increases
with the distance from the rear surface and with time. When
the tension exceeds the material strength, a spall forms in
a plane parallel to the rear surface.[2,3] The spall may be
defined as the process of internal failure or rupture of condensed media due to stresses in excess of the tensile strength
of the material. As a result of the material expansion from
the spall area outside, a second pressure wave is formed,
which then moves in the direction of the initial shock wave
and accelerates the free surface. This second pressure wave
is reflected from the free surface as a rarefaction wave. The
reverberations of the waves in the spall region accelerate
and decelerate the free surface alternately until they decay
due to dissipation losses. The spall pressure or the spall
strength of the material may be determined by measurement
of the free surface velocity history. An ideal free surface
velocity profile in time is shown in Figure 1. In the acoustic
approximation, the shock and rarefaction waves are considered weak so that their velocities are equal to the sound
velocity. Therefore, time point 4 is the mean of times at the
maximum and first minimum of the free surface velocity
(time points 3 and 5, respectively). The spatial coordinate
of the spall plane is the distance the waves travel during
that time.
An ORVIS[4,5,6] is used in this work to measure the time
evolution of the free surface. This diagnostic method provides an accurate continuous measurement of the surface
velocity with a very high time resolution (up to tens of
picoseconds). It also has the advantages of being noninterfering with the motion of the shocked target and being applicable to very thin samples (such as ribbons). A short and
tunable laser pulse duration implies a higher strain rate than
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Table I.

Spectrum of Strain Rates under Various Conditions and Tests

Range of Strain Rate (s )

Condition or Test Type

21

10
1025
1021
102
104
28

to
to
to
to
to

10
1021
102
104
108
25

creep tests at constant load or stress
static tension tests with hydraulic or screw-driven machines
dynamic tension or compression tests
high-speed testing using impact bars
hypervelocity impact using gas guns or explosively driven projectiles (shock-wave propagation)

Fig. 1—An ideal free surface velocity profile in time. 1—arrival of the
first shock wave very close to the rear surface, 2—peak of the shock wave,
3—beginning of deceleration of the rear surface by rarefaction wave,
4—spall formation, and 5—beginning of acceleration due to second
shock wave.

in impact experiments and the possibility of studying highpressure time-dependent phenomena.
It has long been recognized that hydrogen might embrittle
many crystalline metals and alloys. The embrittlement is
manifested by the nonductile fracture mode, reduced ductility, and reduced tensile strength. Several mechanisms have
been proposed to explain hydrogen embrittlement (HE) in
crystalline materials. The most common ones are the highpressure bubble formation,[7] reduction in surface energy
(adsorption mechanism), [8] reduction in the lattice cohesive
force (decohesion mechanism),[9] hydrogen interaction with
dislocations,[10– 14] and hydride formation.[15,16]
Due to their metallic bonding and the lack of long-range
order, amorphous alloys are characterized by unique
mechanical, magnetic, electrical, and environmental properties.[17 – 21] Nevertheless, some metallic glasses are susceptible to HE. Because amorphous alloys are distinguished from
crystalline alloys in their deformation behavior (e.g., dislocations are absent, and fracture occurs immediately after the
elastic region), the embrittlement mechanisms in amorphous
alloys may be different from those in the crystalline counterparts. The study of HE is of significant importance for many
applications of metallic glasses. In addition, it may also
be useful for understanding the deformation and fracture
mechanisms of metallic glasses in more detail. The effects
of hydrogen on the mechanical properties and fracture characteristics of metallic glasses have been reported extensively
(see, for example, References 22 through 28). Eliaz and
Eliezer have recently published[29] a comprehensive review
of hydrogen interaction with amorphous alloys.
In the framework of investigating hydrogen interaction
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with amorphous alloys, HE of amorphous Fe80B11Si9 has
been studied in detail.[28,30] On the one hand, a study of
the embrittlement phenomenon in this alloy is complicated
because neither changes in microhardness nor Palmqvist,
radial, or median cracks in the microindentation region are
observed after hydrogenation (though macroscopically, it is
clear that the material has become significantly brittle). The
former behavior may be due to the low solubility of hydrogen
in this alloy, whereas the latter may be due to the very low
loads applied on the thin ribbon. In addition, tensile tests of
brittle materials and thin ribbons require many samples and
are involved with many technical problems. On the other
hand, microscopic results[28] and calculation[30] of an effective activation energy of hydrogen detrapping, EaT 5 31.84
6 5.79 kJ mol21, which is similar to the one reported for
hydrogen trapping in microvoids in crystalline metals (37.63
kJ mol21),[31] support the mechanism of high-pressure bubble formation.
In this article, we suggest a novel approach for estimating
the effects of cathodic hydrogen charging on the mechanical
properties and fracture characteristics of amorphous materials in the shape of thin ribbons. This approach is applied to
determine the dominant mechanism of HE in an amorphous
Fe80B11Si9 alloy and to estimate the effects of the high pressures involved in cathodic charging. We measure the
dynamic spall strength of an amorphous Fe80B11Si9 alloy
shocked before and after hydrogenation by a high-power
laser to very high pressures (tens of giga Pascals). The
dynamic spall strength of crystalline iron is measured as
well for comparison. Such measurements may make it easier
to determine the dominant mechanism of HE because they
make it possible to distinguish between mechanisms that
are strain rate dependent (e.g., dislocations movement in
crystalline metals or crack propagation) and mechanisms
that are relatively independent on the strain rate (e.g.,
decohesion).
II. EXPERIMENTAL
In this research, we use ribbons of amorphous Fe80B11Si9
(Metglas 2605SA1; thickness, t, of about 25 mm) produced
by planar flow casting and kindly supplied by AlliedSignal
Inc. (Parsippany, NJ). For comparison, several experiments
were conducted with targets of pure (99.5 pct) crystalline
iron (Goodfellow, Cambridge, UK, t , 50 mm).
The experimental setup for the free surface velocity measurements was described in References 6, 32, and 33 and is
shown in Figure 2. The main laser system that generates the
shock waves is based on a NY-60 Nd:YAG oscillator followed by two glass amplifiers. The laser operates at a wavelength of 1.06 mm, a pulse width (full-width at halfmaximum (FWHM)) of 2 to 7 ns, and energy in the range
of 10 to 100 J and is focused to a spot diameter in the range
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The spall strength is measured vs strain rate. The spall pressure is calculated from measurements of the dependence of
free surface on time using the acoustic approximation. The
time dependence of the pressure inside the target may be
calculated by summation of the motion equations describing
the interaction between two rarefaction waves.
The law of momentum conservation may express the free
surface velocity
ufs 5 2up

Fig. 2—Schematic description of the ORVIS and the laser-induced shock
waves experiment. M1, M2, M3 —mirrors; L1, L2 , L3, L4, L5 —lenses; BS1,
´
BS2 — beam splitters; ET—etalon; P1, P2 —prisms; SH1, SH2 —shutters;
and PD—photodiodes.

of 200 to 600 mm. The laser irradiance in the experiments
reported herein is 5?1011 to 5?1013 W cm22. The diagnostic
interferometric system consists of a continuous argon-ion
laser focused to 50 mm on the rear surface, aligned accurately
with the spot of the main laser beam. The light reflected
from the moving free surface undergoes a Doppler shift
proportional to the velocity of the free surface. The light is
collected, collimated and reflected into a Michelson interferometer. A beam splitter divides the beam into two nonequal
´
legs. An etalon is placed in the route of one of the legs.
The two beams are back reflected and then recombine. The
recombination of the two beams produces an interference
pattern of parallel fringes. These fringes are generated from
light that was reflected from the target at two different times.
Therefore, when the target is moving, the fringes are shifted.
The interference pattern is imaged by a cylindrical lens to
a set of bright spots on the entrance slit of a streak camera.
The cylindrical lens is used to increase the interference pattern intensity at the camera entrance slit. The interference
pattern is analyzed with an image processing system including a cool CCD camera, a frame grabber, and a PC. The
picture consisting of 512 3 512 pixels is digitized using the
MATLAB image processing toolbox.
Due to the very short pulse duration (several nanoseconds)
and the rapid time of high pressure formation (1 ns), a very
high strain rate (of the order of 107 s21) is obtained in the
target. In addition, if the diameter of the laser spot is one
order of magnitude larger than the target thickness, one may
speak about one-dimensional geometry of the shock waves
propagating through the target.
Cathodic hydrogen charging of amorphous Fe-Si-B ribbons was performed for 30 minutes at 100 A m22 in a
solution of 0.1N H2SO4 with 5 mg L21 NaAsO2 as a surface
poison. The fracture morphology was studied by means of
scanning electron microscopy (SEM). Static tensile tests
under strain rates of about 1024 s21 were conducted as well
for comparison.
III.

CALCULATION CONCEPT

The velocity history of the moving free surface is determined from the change in the interference pattern. All calculations are performed on the basis of this interference pattern.
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[1]

where up is the particle velocity (mass velocity in the
shocked material).
The fringes move in a direction perpendicular to their
orientation when the velocity changes, with the direction
depending on the sign of the velocity change. The velocity
of the moving surface is related to the vertical position, y(t),
of the interference pattern as a function of time:[4,34,35]

lc

ufs (t) 5

1

4Le n 2

1
n

2

?

y(t)
(1 1 d)d

[2]

where l is the diagnostic laser wavelength, d is the fringe
´
spacing, Le is the length of the etalon, n is its index of
c
refraction, is the speed of light in vacuum, and (1 1 d)
is a correction term due to the wavelength dependence of
´
the refractive index of the etalon material. In the experiments
herein, d 5 0.034 at the argon laser wavelength of 514.5 nm.
The spall strength may be expressed by
Pspall 5

1
rcs (umax 2 umin)
2

[3]

where r is the initial density of target material, cs is the
sound velocity, umax is the peak velocity of the free surface,
and umin is the velocity at the first minimum of the free
surface profile. The sound velocity in the amorphous alloy
is taken from Kaczkowski and Nam (,4 km s21 for amorphous Fe78B12Si10).[36]
The strain rate is calculated in each experiment from the
slope of the profile in the spall region:

Z

dufs
«‚ 5
dt t 5 t

?
spall

1
2cs

[4]

IV. RESULTS AND DISCUSSION
The results of experiments with either as-received or
hydrogenated amorphous samples are summarized in Table
II. Because the thickness of the target is only 25 mm, and
the shock wave velocity in the target is slightly higher than
the sound velocity, a 7-ns-wide laser pulse continues to
create pressure while the shock wave is already approaching
the free surface. The measured free surface velocity in this
case is the sum of an accelerated mass center velocity and
the reverberations of the free surface relative to the mass
center. Therefore, in order to find the real velocity change,
one should subtract the mass center velocity from the measured free surface velocity:
Dum 5 Dufs 2 am Dt

[5]

where Dum is the real difference between velocities relative
to the mass center, Dufs is the difference between the peak
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Table II. Summary of Laser-Induced Shock Wave Measurements in Uncharged as well as Hydrogenated Amorphous
Fe80B11Si 9 Alloy and in Uncharged Crystalline Iron
Pspall (GPa)

Material
Uncharged amorphous Fe80B11Si9
Hydrogenated amorphous Fe80B11Si9
Uncharged crystalline Fe

25.70
23.50
22.80
23.15
21.90

6
6
6
6
6

0.23
0.18
0.22
0.25
0.15

«‚ (s21)

FWHM (ns)

3.0?107
1.8?107
1.0?107
1.4?107
3.5?106

2.2*
2.2*
7**
7**
2.2*

* Without acceleration.
** With acceleration.

(a)

(b)
Fig. 3—The interference pattern of uncharged amorphous Fe-Si-B alloy,
obtained with ORVIS in experiments (b) with or (a) without acceleration
while reverberation.

and the first minimum in the profile of free surface velocity,
am is the acceleration of the mass center, and Dt is the time
between the peak and the first minimum.
It is known that the spall strength depends on the strain
rate. Indeed, in Table II, one can see that high strength values
of 3.5 and 5.7 GPa are measured under conditions of high
strain rates of 1.8 ? 107 and 3.0 ? 107 s21, respectively. It
should be noted that under static tensile tests at strain rates
of ,1024 s21, we measured a fracture strength of 1.23 GPa
(125 kg mm22) for the as-received amorphous alloy. This
value is similar to the ones reported elsewhere for ironand iron-nickel-based amorphous alloys under similar test
conditions.[37,38] The similar values of the spall strength of
the amorphous alloy at low and at high strain rates may
indicate that in both cases, failure development is influenced
by similar factors.
In the case of the hydrogenated alloy, an average spall
strength of 3.15 GPa was measured at a strain rate of 1.4 ?
107 s21. The spall strength of the hydrogenated amorphous
alloy is, thus, approximately equal to that of the uncharged
alloy taking into account the effect of strain rate on strength
and the measurement error.
The interference patterns of the uncharged amorphous
alloy obtained with ORVIS in experiments with (b) or without (a) acceleration while reverberation are presented in
Figure 3. The time scale in this figure increases from left
to right up to 5.6 ns. The free surface velocity is related to
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the vertical position on the interference pattern vs time, and
the distance between two fringes (the fringe constant) is
0.301 km s21. The fringes are parallel to the time axis before
the free surface undergoes acceleration. Then the fringe
pattern starts shifting, indicating the acceleration of the free
surface. It can be seen that the fringes are not parallel to
one another (sometimes they are even mixed). This behavior
indicates the disorder in the amorphous structure and results
from material motion in different directions and at different
velocities. The conversion of the interference patterns from
Figure 3 to dimensions of free surface velocity vs time was
performed by MATLAB and is presented in Figure 4.
Figure 5 presents SEM micrographs from the region of
the penetrating hole, which was formed after the severance
of the spall layer in the uncharged amorphous alloy (laser
pulse energy is 26 J, laser width is 2.2 ns). Macroscopically
(Figure 5 (a)), the shape of the hole is starlike with secondary
cracks propagating from the edge of each arm. Such a starlike
shape has not been observed in the dynamic failure of crystalline metals and may result either from unique properties of
the amorphous structure or from macroscopic embrittlement.
Because similar fracture shapes were observed in ordinary
glasses (see, for example, Reference 39), we believe that
this starlike shape is related to the amorphous structure.
Furthermore, when a crack is formed in ductile metals, part
of the energy is absorbed in the material as plastic deformation, thus, preventing the propagation of secondary cracks.
On the other hand, the absence of dislocations in amorphous
metals prevents significant plastic deformation before fracture, thus, the chance for propagation of secondary cracks
increases. Figure 5(b) presents a typical fracture surface
from the hole region. One can notice the vein pattern typical
to fracture of amorphous metals by inhomogeneous flow.
The front surface of the sample is noticed as well. Due to
the ablation (emission of hot material) and hot temperature,
a crater is formed on this surface, around which a molten
material is splashed. The splashed material quickly solidifies, as can be seen from the surface topography. In a small
region of the fracture surface, a cellular pattern was observed
(Figure 5(c)). A similar pattern was observed on static fracture surfaces of amorphous metals after cathodic hydrogen
charging.[22,24,25,27,40] Its existence on the dynamic fracture
surface of uncharged alloys may indicate the heterogeneous
nucleation of local plastic deformation and propagation of
the fracture front through microvoids. In addition, the high
pressures developed in the material during cathodic hydrogen charging or laser shock may have similar effect on the
failure characteristics.
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(a)

(a)

(b)

(b)
Fig. 4—(a) and (b) The free (rear) surface velocity as a function of time,
corresponding to the interference patterns displayed in Fig. 3.

Figure 6 presents SEM micrographs from the hydrogenated amorphous alloy before (a) and after (b through d)
laser shock. Before laser shock, one can notice voids on
the surface preferably located along grinding scratches; in
certain cases, the scratches have developed to cracks. After
laser shock, the shape of the penetrating hole is macroscopically similar to that in the uncharged sample (Figure 6(b)).
The fracture surface of the penetrating hole is mostly characterized by a combination of a smooth surface and vein pattern. Many voids, sometimes coalescing with one another,
are observed near the fracture surface (Figure 6(c)). In addition, voids exist on the fracture surface itself (Figure 6(d)).
Such findings may indicate the propagation of fracture
through voids or via their coalescence.
The experimental results for uncharged pure crystalline
iron, obtained using a laser pulse with a width of 2.2 ns,
are summarized in Table II. At a strain rate of 3.5 ? 106 s21,
an average spall strength of 1.9 GPa was measured. For
comparison, the yield stress (sy) of pure iron under conditions of a strain rate of 8.3 ? 1025 s21 is 50 MPa.[41] It can
be seen that the dynamic spall strength of the crystalline
METALLURGICAL AND MATERIALS TRANSACTIONS A

(c)
Fig. 5—SEM micrographs of uncharged amorphous Fe80B11 Si9 alloy
shocked by high-power laser: (a) spall morphology at the rear surface, (b)
vein pattern (fractography) and front surface (indicated by arrow), and (c)
cellular pattern (fractography).

metal is much higher than its static yield stress but similar
to the dynamic spall strength of the iron-based amorphous
alloy.
The theoretical spall strength of solids, Pth, considers
interatomic interaction forces only and can be estimated[42]
from the cohesive energy per gram, Ucoh , the normal density,
r0, and the bulk modulus, B0:
Pth 5

!

Ucoh Bo ro
8

[6]

It is well known that Pth is about one order of magnitude
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(a)

(c)

(b)

(d )

Fig. 6—SEM micrographs of charged amorphous Fe80B11Si9 alloy, before and after laser shock: (a) surface before laser shock, (b) spall morphology at the
rear surface, (c) voids coalescence near the fracture surface, and (d ) vein pattern and voids on the fracture surface.

higher than the spall strength measured at strain rates in the
range of 103 to 106 s21. This occurs due to the fact that
the mechanical properties of solids are controlled by lattice
imperfections that weaken the material. The strength of the
material depends on the two following major factors.
(1) The atomic structure (the interaction between atoms that
compose the material) determines the crystalline structure and the theoretical strength.[42]
(2) Defects (voids in ductile materials, cracks in brittle materials, dislocations, inclusions, etc.) usually cause weakening of the material.
Typical distances between defects in materials are of the
order of 1022 to 100 mm, whereas
interatomic forces act for
‚
distance of the order of 100 A. Therefore, when high pressures are applied for very short times (i.e., very high strain
rates), the effect of defects in the crystalline structure is
much less pronounced. At low strain rates, the strength of
amorphous Fe80B11Si9 is much higher than the strength of
crystalline iron (in the absence of dislocations in the amorphous structure). On the other hand, at very high strain rates,
there is not enough time for the action of the weakening
mechanism via defects, and the strength of the material is
mainly determined by the atomic structure and the strength
of the interatomic bonds. Hence, at these conditions, the
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spall strength of crystalline iron is similar to the one of the
iron-based amorphous alloy. It should be noted that the
values of the spall strength of crystalline iron (and of the
amorphous alloy) are different from those of other crystalline
metals such as aluminum and copper.[6] This behavior supports the claim for significant effect of the atomic (and
electronic) structure at very high strain rates. The significance of the electronic structure of iron-based amorphous
alloys has recently been reported by Eliaz et al.[43] with
regard to hydrogen diffusivity and solubility as well.
Figure 7 presents the dependence of the spall strength of
crystalline iron and amorphous Fe80B11Si9 on strain rate, as
measured in this work. Dekel et al.[44] relate the rapid
increase in the spall strength of the crystalline metal at
strain rates of ,107 s21 to a change in the spall mechanism.
According to this attitude, at low strain rates, the spall is
caused by the motion and coalescence of the initial flaws
of the material (e.g., dislocations). On the other hand, at
high strain rates, there is not enough time for the flaws
to move, and the spall is produced by the formation and
coalescence of additional cavities where the interatomic
forces become dominant. Material under tensile stress is in
a metastable condition, and cavities of a critical radius are
formed in it due to thermal fluctuations. These cavities grow
METALLURGICAL AND MATERIALS TRANSACTIONS A

Fig. 8—The interference pattern of uncharged crystalline iron, obtained
with ORVIS.
Fig. 7—Strain rate dependence of the spall strength of crystalline iron and
amorphous Fe80B11Si9.

due to the tension, and their total volume increases until the
material disintegrates at the spall plane.
With regard to the traditional mechanisms generally used
to explain the phenomenon of HE in crystalline metals and
alloys, mechanisms of hydrogen interaction with dislocations[10 –14] are irrelevant to metallic glasses. In the case
of amorphous alloys from the Fe-Si-B system, the hydride
formation mechanism[15,16] is irrelevant as well in the
absence of hydride-forming elements. Filling of free volume
by hydrogen atoms, a model specifically suggested for amorphous alloys (see, for example, Reference 27), seems to be
inadequate for the explanation of HE in the amorphous FeSi-B alloy because failure of the ribbons occurred even in
the absence of shear forces.[28,30] The susceptibility of the
amorphous Fe80B11Si9 alloy to HE may be explained in terms
of high-pressure bubble formation.[7,28,30,45] According to this
concept, microvoids that are introduced into the uncharged
amorphous alloy during fabrication serve as preferred sites
for recombination of hydrogen atoms. When the gas pressure
inside these voids reaches a critical value, cracks might form
and propagate between these voids even in the absence of
external loads. The latter model is supported in the present
work by
(1) the identification of microvoids in the uncharged ribbon
by SEM;[28,30]
(2) the identification of both larger voids and interconnecting cracks on the surface and in the cross section of
charged ribbons;[28,30]
(3) the observation that these voids tend to form along
scratches, introduced by the grinding process (Figure 6);
(4) the identification of regions of cellular pattern on the
fracture surfaces of charged ribbons;[30]
(5) the calculation, on the basis of thermal desorption spectroscopy, of a value of effective activation energy of
hydrogen detrapping that is similar to that reported for
hydrogen trapping in microvoids in crystalline metals;[30] and
(6) the predicted endothermic heat of solution for hydrogen
in this alloy.[30]
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Yet, one still has to exclude the possibility of the dominance of the decohesion mechanism.[9] This might be impossible by means of conventional experimental techniques.
Fortunately, laser-induced shock wave measurements make
it possible to distinguish between mechanisms that are insensitive to the strain rate (e.g., decohesion) and mechanisms
that do not have enough time to operate at very high strain
rates (e.g., growth of bubbles and propagation of interconnecting cracks). As previously explained in detail, at high
strain rates, the strength of the material is determined mainly
by the atomic structure and the strength of the interatomic
bonds. Therefore, if the decohesion mechanism was the
major one responsible for the HE phenomenon in the amorphous Fe-Si-B alloy, one would have expected the dynamic
spall strength to decrease as a result of hydrogenation. However, because such a decrease in spall strength was not
observed, we may assume that the decohesion mechanism
is not significant in this case.
The interference pattern from uncharged crystalline iron
(without acceleration while reverberation) is shown in Figure
8. The time scale is up to 5.6 ns, and the fringe constant is
0.301 km s21. It can be seen that the amplitude of the
interference fringes during their shift is lower than that in
the amorphous alloy. This means that the pullback velocity
(umax -umin) is a larger fraction of the peak free surface velocity in the case of the amorphous alloy. The conversion of
the interference pattern from Figure 8 to dimensions of free
surface velocity vs time is displayed in Fig. 9.
Figure 10 presents SEM micrographs from the region of
the penetrating hole that was formed after the severance of
the spall layer in uncharged crystalline iron (laser pulse
energy is 8 J and width is 2.2 ns). Both separation of material
layers under the surface (Figure 10(c)) and cleavagelike
fracture patterns (b and d) are observed.
V.

CONCLUSIONS

1. Laser-induced shock wave measurements make it possible to distinguish between mechanisms of hydrogen
embrittlement that are insensitive to the strain rate (e.g.,
decohesion) and mechanisms that do not have enough
time to operate at very high strain rates (e.g., growth of
bubbles and propagation of interconnecting cracks). The
VOLUME 31A, APRIL 2000—1091

Fig. 9—The free (rear) surface velocity as a function of time, corresponding
to the interference pattern displayed in Fig. 8.

absence of hydrogen effect on the dynamic spall strength
of an amorphous Fe80B11Si9 alloy was exploited in this
research to support the mechanism of high-pressure bubble formation.
2. The presence of small regions of cellular pattern on the
dynamic fracture surface of the uncharged amorphous

alloy may indicate the heterogeneous nucleation of local
plastic deformation and propagation of the fracture front
via microvoid coalescence. The observation of microvoids near and on the dynamic fracture surface of the
charged amorphous alloy support this mechanism.
3. A cellular pattern is usually related to the static fracture
of amorphous metals after cathodic hydrogen charging.
Its presence in the dynamic spall strength of the
uncharged amorphous alloy may, thus, indicate similar
effects of the high pressures, which develop inside the
material during cathodic hydrogen charging or laserinduced shock waves formation, on the characteristics of
the fracture surface.
4. When high pressures are applied for very short times
(i.e., very high strain rates), the effect of defects in the
crystalline structure is much less pronounced. At low
strain rates, the strength of amorphous Fe80B11Si9 is much
higher than the strength of crystalline iron. On the other
hand, at very high strain rates, there is not enough time
for the action of the weakening mechanism via defects,
and the strength of the material is mainly determined by
the atomic structure and the strength of the interatomic
bonds. Hence, at these conditions, the spall strength of
crystalline iron is similar to the one of the iron-based
amorphous alloy.
5. The unique macroscopic starlike shape of the dynamic
fracture of an amorphous Fe-Si-B alloy probably results
from the physical properties of the amorphous structure
and not from the macroscopic embrittlement of this alloy.

(a)

(b)

(d )
(c)
Fig. 10—(a) through (d ) SEM micrographs of uncharged crystalline iron shocked by high-power laser.
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